Abstract-Preeclampsia (PE) is a life-threatening, pregnancy-induced disease and a leading cause of maternal and fetal morbidity and mortality. Despite considerable research, the causes of PE remain unclear, and there is no effective treatment. Studies in animal models that resemble this complex pregnancy-related disorder may help to identify possible therapies for PE. Complement component C1q has an important role in trophoblast migration, spiral arteries remodeling, and normal placentation. Here we show that pregnant C1q-deficient (C1q Ϫ/Ϫ ) mice recapitulate the key features of human PE: hypertension, albuminuria, endotheliosis, decreased placental vascular endothelial growth factor (VEGF) and elevated levels of soluble VEGF receptor 1 (sFlt-1) that correlate with increased fetal death. In addition, decreased blood flow and increased oxidative stress are observed in placentas from C1q Ϫ/Ϫ mice. Treatment of C1q Ϫ/Ϫ mice with pravastatin restored trophoblast invasiveness, placental blood flow, and angiogenic balance and, thus, prevented the onset of PE. Serum-soluble receptors for VEGF-1 levels were reduced and placental VEGF levels were significantly increased in C1q Ϫ/Ϫ mice treated with pravastatin compared with untreated C1q Ϫ/Ϫ mice (VEGF: 1067Ϯ171 versus 419Ϯ194 pg/mL; PϽ0.01). Pravastatin treatment reduced hypertension (change in mean arterial pressure: 1Ϯ1 versus 18Ϯ3 mm Hg in C1q Ϫ/Ϫ untreated mice), and albuminuria (of creatinine) was reduced from 820Ϯ175 to 117Ϯ45 g/mg (both PϽ0.01). Renal damage and endothelial dysfunction were significantly attenuated with pravastatin. This model that highlights the causative role of impaired trophoblast invasion in the pathogenesis of PE allowed us to identify pravastatin as a good therapeutic option to prevent PE. Key Words: mouse model Ⅲ preeclampsia Ⅲ trophoblast invasion Ⅲ complement Ⅲ pravastatin P reeclampsia (PE), a pregnancy-specific, multisystemic disorder, is a leading cause of maternal and perinatal mortality and morbidity. 1 Because PE only occurs during pregnancy and its symptoms resolve after delivery, the placenta is thought to be crucial to the development of the disease. Indeed, several studies suggested that a defective trophoblast invasion and abnormal placentation are some of the underlying mechanisms of PE. 2,3 Conversion of the maternal spiral arteries into larger competent vessels is one of the essential steps in the development of the normal placenta. This process is apparently dependent on the invasion by trophoblasts of the subendometrial area and the spiral arteries. PE is characterized by shallow trophoblast invasion and unconverted narrow spiral arteries that leads to placental dysfunction and endothelial injury that eventually manifest as maternal hypertension and proteinuria. 4 The study of PE in women is of critical importance; however, studies in humans have obvious limitations that prevent investigation of many pathophysiological mechanisms and that often limit the ability to establish cause-andeffect relationships in pregnant women with PE. Thus, we studied a new animal model of PE that resembles this complex pregnancy-related disorder and helped us identify a possible treatment.
P reeclampsia (PE), a pregnancy-specific, multisystemic disorder, is a leading cause of maternal and perinatal mortality and morbidity. 1 Because PE only occurs during pregnancy and its symptoms resolve after delivery, the placenta is thought to be crucial to the development of the disease. Indeed, several studies suggested that a defective trophoblast invasion and abnormal placentation are some of the underlying mechanisms of PE. 2, 3 Conversion of the maternal spiral arteries into larger competent vessels is one of the essential steps in the development of the normal placenta. This process is apparently dependent on the invasion by trophoblasts of the subendometrial area and the spiral arteries. PE is characterized by shallow trophoblast invasion and unconverted narrow spiral arteries that leads to placental dysfunction and endothelial injury that eventually manifest as maternal hypertension and proteinuria. 4 The study of PE in women is of critical importance; however, studies in humans have obvious limitations that prevent investigation of many pathophysiological mechanisms and that often limit the ability to establish cause-andeffect relationships in pregnant women with PE. Thus, we studied a new animal model of PE that resembles this complex pregnancy-related disorder and helped us identify a possible treatment.
Several studies demonstrated a strong association between complement activation and PE. [5] [6] [7] For the last 20 years, many studies reported the deleterious effects of complement activation on pregnancy outcomes. However, complement component C1q deserves special consideration for its role in promoting trophoblast invasion of deciduas, a crucial step in normal placental development. C1q is widely distributed in human decidual stroma and is actively synthesized by migrating extravillous trophoblasts. 8, 9 In addition, we demonstrated previously that C1q deficiency was associated with impaired labyrinth development and decidual vessel remodeling and increased fetal death in mice. 9 These results suggest that defective local production of C1q may be involved in PE. 8, 9 Indeed, here we demonstrate that pregnant C1q-deficient (C1q Ϫ/Ϫ ) mice recapitulate the key features of human PE: hypertension, albuminuria, endotheliosis, and increased levels of soluble vascular endothelial growth factor (VEGF) receptor 1 (sFlt-1) that correlate with increased fetal death and diminished litter size.
Despite advances in the understanding of the disorder, therapeutic approaches to the treatment of PE are severely limited. In the last few years, several studies in animals support the use of statins to prevent PE. 10 -13 Using this new mouse model of defective trophoblast invasion-induced PE, we also found that pravastatin prevents the onset of the disease. Collectively these data indicate that statins may be a good therapeutic approach for the management of PE and, thus, offer hope for an effective intervention to prevent maternal and fetal mortality and morbidity in humans.
Materials and Methods
An expanded Methods section is available in the online Data Supplement (please see http://hyper.ahajournals.org).
Mice Mating and Treatment Protocols
Mice deficient in C1q on C57BL/6 background (provided by Dr Marina Botto, Imperial College, London, United Kingdom) and wild-type (WT) C57BL/6 mice (purchased from the Jackson Laboratory, Bar Harbor, ME) were used in all of the experiments (please see the online Data Supplement).
Blood Pressure Measurements
Blood pressure was measured in the tail artery in pregnant C1q
C1q
Ϫ/Ϫ mice, and WTϫWT mice with and without pravastatin treatment at different times along pregnancy until postpartum. Measurements were performed using a computerized, noninvasive tail-cuff acquisition system (CODA System, Kent Scientific Corporation, Torrington, CT), as described previously 10, 14 (please see the online Data Supplement).
Assessment of Albumin: Creatinine Ratio
Albumin:creatinine ratio (ACR) in random urine specimens (accepted alternative to 24-hour urine collections) was used to monitor renal function (please see the online Data Supplement).
In Situ Zymography
Matrix metalloproteinase (MMP) activity was measured by in situ zymography, as described previously 15 (please see the online Data Supplement).
Immunohistochemistry
Day 15 placental tissue was frozen in OCT (Sakura Finetek) and cut into 10-m-thick sections. Endogenous peroxidase activity was quenched with Peroxo-block (Invitrogen Corporation, Camarillo, CA), and normal goat serum was used to block nonspecific binding (Cappel, Aurora, OH; please see the online Data Supplement).
Placental Perfusion Studies
Placental perfusion was examined by injecting day 15 pregnant females with 100 L of 25-mg/mL fluorescein isothiocyanatelabeled dextran (molecular weight: 2 000 000; Sigma-Aldrich, St Louis, MO) via the retro-orbital vein (please see the online Data Supplement).
Isoprostane Measurements
Isoprostane 8-iso-prostaglandin F2a (STAT-8) is a marker for oxidative stress that increases in PE. 16 Decidual tissue at day 9 and placental tissue at day 15 were harvested and homogenized in 9 volumes of 0.1 mol/L of Tris (pH 7.4) containing 1 mmol/L EDTA and 10 mol/L of indomethacin and stored at Ϫ80°C in the presence of 0.005% butylated hydroxytoluene before being assayed for free 8-isoprostane using a STAT-8-isoprostane enzyme immunoassay kit (Cayman Chemical, Ann Arbor, MI).
Isolation of Aortic Rings
WTϫWT and C1q Ϫ/Ϫ ϫC1q Ϫ/Ϫ mice untreated or treated with pravastatin were euthanized by cervical dislocation on day 15 of pregnancy. The abdominal-thoracic aorta was then excised, placed in cold PBS, and cleaned of adhering connective and adipose tissue. Aorta from each mouse was divided into 4 rings of 2-mm length.
(please see the online Data Supplement).
Statistical Analysis
Data were processed using SigmaStat, version 3.5 (Systat, Point Richmond, CA), statistical program for Windows. Data are expressed as meanϮSEM (please see the online Data Supplement).
Results

Placental C1q Is Crucial for Fetal Survival
To investigate the contribution of fetal-derived cell (trophoblasts) C1q to fetal death, we performed studies in C1q Ϫ/Ϫ females mated with WT males (C1q Ϫ/Ϫ ϫWT). C1q
Ϫ/Ϫ females mated with WT males showed normal pregnancies. Fetal resorption frequency and litter size in C1q Ϫ/Ϫ ϫWT mice were not different from control matings (WTϫWT; Figure 1A and 1B). The absence of pregnancy complications in C1q
Ϫ/Ϫ ϫWT indicates the important contribution of trophoblast C1q to fetal survival. On the other hand, WT females mated with C1q Ϫ/Ϫ males showed increased fetal resorption frequency comparable to C1q Ϫ/Ϫ ϫC1q Ϫ/Ϫ mice ( Figure 1A and 1B), suggesting that maternal-derived C1q is not required for normal placentation and fetal survival.
Diminished Collagenase Activity in Deciduas From
C1q
؊/؊ Pregnant Mice
MMPs play a pivotal role in trophoblast invasion and placental angiogenesis processes by degrading collagen IV in basement membranes and extracellular matrix components. 17 Robust MMP activity against collagen IV (green fluorescence) was observed in the giant trophoblast cells (TGCs; the outermost layer of the extraembryonic compartment that establishes direct contact and invades the maternal decidua) in the deciduas of WTϫWT mice, suggesting active trophoblast migration ( Figure 1C ). In contrast, weak fluorescence (diminished MMP activity) was observed in the deciduas of C1q Ϫ/Ϫ ϫC1q Ϫ/Ϫ mice. This observation is in agreement with the increased fetal resorption frequency observed in C1q Ϫ/Ϫ ϫC1q Ϫ/Ϫ mice. In addition, the decidua was thicker in C1q Ϫ/Ϫ ϫC1q Ϫ/Ϫ mice compared with WTϫWT mice, confirming a defective trophoblast invasion of the maternal tissue by the TGC.
Increased Albuminuria and Glomerular Endotheliosis in C1q
The presence of proteinuria is used to confirm the diagnosis of PE. 18 In C1q Ϫ/Ϫ pregnant mice, a time course increase in urine ACR that reaches statistical significance at day 9 of pregnancy was observed (Figure 2A ). Albumin excretion in C1q Ϫ/Ϫ mice reached values 8 times higher than that measured in control mice (Figure 2A ). Proteinuria was also observed in WT females mated with C1q Ϫ/Ϫ males but was not observed in C1q Ϫ/Ϫ mice mated with WT mice (data not shown).
Endotheliosis, an inflammation of the glomerular endothelium, is a frequent renal lesion observed in women with PE. 18 Electron microscopic analysis was performed to identify endothelial injury in C1q Ϫ/Ϫ pregnant mice (C1q Figure 2C ). Increased fibrin deposition, another characteristic of glomerular endotheliosis, was also observed in kidneys from C1q Ϫ/Ϫ ϫC1q Ϫ/Ϫ mice ( Figure 2B ) compared with WTϫWT mice ( Figure 2C ). C1q Ϫ/Ϫ mice in a hybrid (129ϫC57BL/6) genetic background have been shown to develop a lupus-like disease with glomerulonephritis with immune deposits and multiple apoptotic cell bodies. 19 However, nonpregnant (NP) C1q Ϫ/Ϫ mice used in these experiments are fully backcrossed onto C57BL/6 and do not develop glomerulonephritis or any other histological evidence of renal disease. 20 Electron microscopic analysis studies showed neither glomerular lesions nor fibrin deposition in NP C1q
Ϫ/Ϫ females (data not shown). In addition, albuminuria was not observed in NP C1q
Ϫ/Ϫ females (ACR: NP C1q Ϫ/Ϫ ϭ85Ϯ18 g/mg versus WTϫWT day 15ϭ97Ϯ18 g/mg). These data suggest that the glomerular endotheliosis observed in C1q
Ϫ/Ϫ mice develops during pregnancy.
Blood Pressure in C1q
Hypertension is the most common diagnostic sign in PE. 18 Increased mean arterial blood pressure (MAP) was observed in C1q Ϫ/Ϫ ϫC1q Ϫ/Ϫ mice when compared with control matings (WTϫWT; Figure 2D ). MAP was slightly higher in the C1q Ϫ/Ϫ ϫC1q females from day 8 to day 12 of pregnancy but did not reach statistical significance when compared with WTϫWT mice ( Figure 2D ). At day 13, MAP significantly increased in pregnant C1q Ϫ/Ϫ mice when compared with controls. Hypertension persisted in pregnant C1q Ϫ/Ϫ mice until delivery ( Figure 2D ). WTϫC1q Ϫ/Ϫ mice developed hypertension with the same pattern of blood pressure variation than C1q Ϫ/Ϫ ϫC1q Ϫ/Ϫ mice. In contrast, C1q Ϫ/Ϫ ϫWT mice did not show hypertension (data not shown).
Increased Sensitivity to Angiotensin II and Decreased Vasorelaxant Response to Acetylcholine in C1q
An increased sensitivity of the arteries to vasoconstrictor agents like angiotensin II (Ang II) has been described in PE in women and mice. 10,21 Thus, we investigated whether increased hypersensitivity to Ang II was present in the aorta Ϫ/Ϫ ϫC1q Ϫ/Ϫ mice when compared with wild-type (WT)ϫWT mice. Normal pregnancy outcomes (low fetal resorption rate and bigger litter sizes) were observed when C1q Ϫ/Ϫ females were mated with WT males. On the other hand, WT females mated with C1q Ϫ/Ϫ males showed increased fetal resorption rates and smaller litter sizes. Nϭ8 to 10 mice per experimental group. Data are expressed as meanϮSEM. *Different from WTϫWT, PϽ0.05. C, In situ zymography using collagen IV as substrate. Uteri from day 9 pregnant C1q Ϫ/Ϫ ϫC1q Ϫ/Ϫ and WTϫWT mice were processed for in situ zymography as described in Material and Methods. The right panel stained with 4Ј,6-diamidino-2-phenylindole indicates the area of the day 9 pregnant uterus that was analyzed for matrix metalloproteinase (MMP) activity. The enzyme-driven hydrolysis of the substrate DQ-collagen IV results in an increase in fluorescence signal. Increased fluorescence indicates increased collagen IV degradation by MMPs. Robust MMP activity (green fluorescence) was observed in the invading giant trophoblast cells (TGCs) in WTϫWT mice. In contrast, weak fluorescence (diminished MMP activity) was observed in C1q Ϫ/Ϫ ϫC1q Ϫ/Ϫ mice. The increased thickness of the decidual tissue in C1q Ϫ/Ϫ ϫC1q Ϫ/Ϫ mice suggests an impaired decidual invasion compared with control WTϫWT mice. Four slides per animal were stained, and 6 to 8 animals were studied in each experimental group.
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of C1q Ϫ/Ϫ ϫC1q Ϫ/Ϫ mice. According to our hypothesis, aortic rings from C1q Ϫ/Ϫ ϫC1q Ϫ/Ϫ mice showed increased contractile response to Ang II when compared with aortic rings from control WTϫWT matings ( Figure 2E ). Aortic rings from C1q Ϫ/Ϫ ϫC1q Ϫ/Ϫ mice showed a 52Ϯ8% reduction in diameter when exposed to Ang II compared with 21Ϯ5% in aortic rings isolated from control matings ( Figure  2E ). In addition, norepinephrine-treated aortic rings from C1q Ϫ/Ϫ ϫC1q Ϫ/Ϫ mice showed attenuated vasorelaxant effect of acetylcholine (Ach) when compared with aortic rings from WTϫWT mice ( Figure 2E ). This impaired Ach vasodilation suggests an endothelial dysfunction in C1q Ϫ/Ϫ ϫC1q Ϫ/Ϫ mice.
Serum sFlt-1 Levels in C1q
؊/؊ ؋C1q ؊/؊ Mice sFlt-1, a potent antiangiogenic molecule, has been associated with defective placentation and PE. 22, 23 To substantiate that C1q
Ϫ/Ϫ ϫC1q Ϫ/Ϫ mice develop the main characteristics of human PE, we measured serum sFlt-1. As expected, C1q
C1q
Ϫ/Ϫ mice showed increased serum levels of sFlt-1 when compared with control matings. At day 15 of pregnancy, a 2-fold increase in sFlt-1 levels was observed in C1q
Ϫ/Ϫ mice compared with WTϫWT mice ( Figure 3A) .
Diminished Blood Flow and VEGF Expression in Placentas From C1q
To detect blood perfusion defects secondary to defective placentation in C1q Ϫ/Ϫ ϫC1q Ϫ/Ϫ mice, fluorescein isothiocyanate-dextran was injected in the maternal circulation at day 15 of pregnancy. In WTϫWT matings with normal pregnancies, the fluorescent tracer accumulated in the placental labyrinth indicating adequate placental blood flow ( Figure 3B ). In contrast, diminished blood perfusion (diminished fluorescent tracer accumulation) was observed in the labyrinth of C1q Ϫ/Ϫ ϫC1q Ϫ/Ϫ matings ( Figure 3B ). Quantification of fluorescein isothiocyanate-dextran in placental homogenates by luminescence spectrometry confirmed the histological findings ( Figure 3B ). The high levels of sFlt-1 observed in C1q Ϫ/Ϫ ϫC1q Ϫ/Ϫ mice led us to investigate the placental levels of VEGF, a crucial molecule in placental development. 22 According to our hypothesis, low VEGF expression was detected by immunohistochemistry in the labyrinth in placentas from C1q Ϫ/Ϫ ϫC1q Ϫ/Ϫ mice ( Figure 3C ). In contrast, abundant staining for VEGF was observed in placentas from control WTϫWT matings with normal pregnancies ( Figure 3C ). Similar results were observed when placental VEGF levels were quantified by ELISA ( Figure 3C ).
Increased Decidual and Placental Oxidative Stress in C1q
؊/؊ Mice
Oxidative stress in placental tissue has been associated with PE. 16, 24 STAT-8 is not only a marker for oxidative stress but also a potent vasoconstrictor and an inhibitor of trophoblasts invasion. 24, 25 Increased STAT-8 levels were observed in day 9 decidual tissue and day 15 placentas from C1q Ϫ/Ϫ ϫC1q Ϫ/Ϫ mice compared with control WTϫWT matings with uneventful pregnancies ( Figure 3D ). Increased levels of STAT-8 preceded the onset of hypertension, suggesting that the vasoconstrictor effects of STAT-8 may contribute to the increased MAP observed in C1q Ϫ/Ϫ ϫC1q Ϫ/Ϫ mice.
Pravastatin Prevents Preeclamptic Features in C1q
Knowing that pravastatin prevented the onset of PE in the CBA/JϫDBA/2 mouse model of PE and other animal models, 10 -13 we decided to study whether pravastatin can also prevent PE in this model. Pravastatin (5 mg/d) was given from day 6 to day 15. In agreement with previously reported studies, pravastatin prevented PE and rescued the pregnancies in C1q Ϫ/Ϫ ϫC1q Ϫ/Ϫ mice ( Figure 4A ). In addition, pravastatin attenuated glomerular injury and prevented albuminuria in C1q Ϫ/Ϫ ϫC1q Ϫ/Ϫ mice. Figure 4B shows that ACR levels at day 15 of pregnancy were reduced in C1q Ϫ/Ϫ ϫC1q Ϫ/Ϫ mice treated with pravastatin compared with untreated mice. Accordingly, electron microscopic analysis of kidneys from C1q Ϫ/Ϫ ϫC1q Ϫ/Ϫ treated with pravastatin revealed normal configuration of glomerulus ( Figure 4C ). The capillary lumina were not occluded, and there were no signs of endothelial injury in kidneys from C1q Ϫ/Ϫ ϫC1q Ϫ/Ϫ mice treated with pravastatin. The endothelium was thin and the fenestrations were abundant and well preserved ( Figure 4C , dash line). In addition, fibrin deposition was not observed in glomeruli from C1q Ϫ/Ϫ ϫC1q Ϫ/Ϫ mice that received pravastatin ( Figure 4C ). C1q Ϫ/Ϫ ϫC1q Ϫ/Ϫ mice treated with pravastatin did not show hypertension when compared with C1q Ϫ/Ϫ ϫC1q Ϫ/Ϫ untreated mice ( Figure 4D 
Pravastatin Increases Placental VEGF Levels in C1q ؊/؊ Preeclamptic Mice
Previous results from our laboratory showed that pravastatin increased VEGF release from trophoblasts, diminished the release of sFlt-1, and rescued pregnancies in the CBA/JϫDBA/2 mouse model of PE. 10 Thus, we investigated whether pravastatin can decrease serum sFlt-1 levels and increase placental VEGF levels in pregnant C1q
Ϫ/Ϫ mice. Figure 5A and Supplemental Figure A illustrate the effects of pravastatin on placental VEGF levels. VEGF expression in placentas from C1q Ϫ/Ϫ ϫC1q Ϫ/Ϫ mice was increased by pravastatin treatment. In addition, the increased serum levels of sFlt-1 observed in C1q Ϫ/Ϫ ϫC1q Ϫ/Ϫ mice were not observed when the mice received pravastatin treatment ( Figure 5B ). In addition, pravastatin treatment increased MMP activity against collagen IV (Supplemental Figure B) in pregnant C1q Ϫ/Ϫ mice, suggesting that prava- 
01). C, Pregnant C1q
Ϫ/Ϫ mice treated with pravastatin showed no signs of renal endothelial damage. Electron microscopic analysis (EM) studies (original magnification: ϫ10 000) showed well-preserved endothelial cells and open capillaries lumen in pregnant C1q Ϫ/Ϫ mice treated with pravastatin. Increased fibrin deposition was not observed in glomerular capillaries from pregnant C1q
Ϫ/Ϫ mice that received pravastatin. Four slides per animal were stained, and 6 to 8 animals were studied in each experimental group. D, Pravastatin prevented hypertension in C1q Ϫ/Ϫ ϫC1q Ϫ/Ϫ mice. Mean arterial blood pressure (MAP) values in pregnant C1q Ϫ/Ϫ mice treated with pravastatin were not different from MAP values in control matings with uneventful pregnancies (WTϫWT); *different from control WTϫWT matings (*PϽ0.01); #different from previous time within the same group. Ten to 12 mice were studied in each experimental group.
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statin restored the invasive capacity of TGCs. The increased invasiveness of TGCs observed in pregnant C1q Ϫ/Ϫ mice treated with pravastatin was associated with normal placental development and adequate placental blood flow (Supplemental Figure C ). In addition, oxidative stress marker STAT-8 levels decreased in day 9 deciduas and day 15 placentas in C1q
Ϫ/Ϫ mice treated with pravastatin when compared with untreated pregnant C1q Ϫ/Ϫ mice ( Figure 5C ).
Discussion
More than 200 000 American women per year develop PE (a number equal to the number of women affected by breast cancer). It is the most common reason for a woman to die during pregnancy and the leading cause of fetal mortality and morbidity. 26, 27 Despite considerable research effort, very little is understood about its etiology and pathophysiology, which are complex and multifactorial. Furthermore, neither the incidence nor the treatment of the disease has changed substantially in the last century. Human studies are complicated by the fact that it is difficult to determine in which patients PE will develop. Moreover, when the pathological features of PE are observed, it is usually too late, and at this time, premature delivery, associated with severe sequelae for the infant, is the only definitive treatment. Therefore, to establish cause-and-effect relationships to identify possible targets for therapies, we used an animal model that simulates the clinical scenario in women. In this study, we showed that C1q Ϫ/Ϫ mice develop the clinical symptoms of human PE.
We demonstrated previously that complement component C1q plays a crucial role in trophoblast migration and spiral arteries remodeling, contributing to placental development. 9 Thus, we hypothesized that mice deficient in C1q could develop PE. Indeed, we demonstrated an association among the absence of C1q, abnormal placentation, and onset of PE in mice. Mice deficient in C1q develop the characteristic features of human PE: hypertension, proteinuria, and glomerular damage.
That WT females mated with C1q Ϫ/Ϫ males develop PE clearly indicates that the lack of C1q on trophoblast cells, and not maternal C1q, is responsible for the development of PE. In our studies, the absence of C1q on trophoblast cells was associated with abnormal invasion of the maternal deciduas. MMPs are important enzymes that contribute to extracellular matrix degradation, in which collagen IV is the major element. Elevated expression of MMPs is usually seen in invasive cells like highly tumorigenic cancers 28 and trophoblasts. 29 In WTϫWT mice, we found that MMPs efficiently degraded collagen IV, assisting the invading TGCs to pass through the basement membranes. In contrast, poor collagenolytic activity was shown in C1q Ϫ/Ϫ ϫC1q Ϫ/Ϫ mice. The defective production of MMP was associated with an impaired invasion of maternal decidual tissue. It was reported that silencing the genes for MMP9, the protease responsible for collagen IV degradation, with small interfering RNA inhibited the growth and invasiveness of trophoblasts. 29 Some MMPs also promote angiogenesis (a critical process required for tumor cell survival and normal placental development) by degrading the vascular basement membrane interstitium and also by releasing sequestered angiogenic molecule VEGF. 30 Thus, the deficient MMP activity observed in the in pregnant C1q Ϫ/Ϫ mice might also affect placental angiogenesis leading to abnormal placentation. The increased levels of STAT-8, a marker of oxidative stress and inhibitor of trophoblast migration, observed in pregnant C1q Ϫ/Ϫ mice can also be responsible for the impaired trophoblast migration and deficient placentation observed in these mice. 25 Interestingly we were able to relate defective TGC migration, impaired invasion of deciduas, and increased oxidative stress that occur during the early stages of placentation, with the onset of PE later on in pregnancy. These data are in agreement with other authors that suggested that PE in humans is caused by abnormal implantation and development of the placenta that occur early during the first trimester and that lead to the later manifestation of the maternal symptoms in the second and third trimesters. 31, 32 Therefore, our model showed to be useful in documenting the progression of events that cannot be followed with any confidence in human studies.
Because C1q Ϫ/Ϫ mice have a deficit in the clearance of apoptotic cells, 19 we needed to consider that apoptotic tro- Ϫ/Ϫ mice on C57BL/6 mice used in our experiments do not develop autoimmune disease. PE has been termed the "disease of theories," reflecting the confusion that surrounds the causes and pathophysiology of PE. Because PE only occurs during pregnancy and its symptoms resolve after delivery, factors produced by the placenta are thought to initiate the maternal vascular response. 22, 33 Maternal hypertension is part of the maternal vascular response, and, thus, it is a key feature of PE in women. Pregnant C1q Ϫ/Ϫ mice developed hypertension that started at day 13 of pregnancy and persisted until delivery. These data suggest that a factor(s) released from the defective placenta into the maternal circulation 33 may be responsible for the endothelial dysfunction underlying hypertension in PE. 22 At day 18 of pregnancy we observed the maximal change in MAP from mating day in pregnant C1q Ϫ/Ϫ mice (18Ϯ3 mm Hg). Vasoconstrictor STAT-8 produced in placental cells can also be responsible for the increased blood pressure observed in pregnant C1q
Ϫ/Ϫ mice. 16 The increase in blood pressure observed in C1q Ϫ/Ϫ ϫC1q Ϫ/Ϫ mice, although significant when compared with control matings, is moderate. Other important factors that can increase blood pressure in pregnant mice and, thus, have been related to PE, like endothelin 1 34 or angiotensin receptor agonistic autoantibodies, 35 should be studied in this model.
In addition to hypertension, we demonstrated endothelial dysfunction characterized by increased vascular susceptibility to vasoconstriction and decreased vasorelaxation in aortas from pregnant C1q Ϫ/Ϫ mice. Increased sensitivity to Ang II and decreased Ach-induced relaxation was observed in aortic rings from pregnant C1q Ϫ/Ϫ mice when compared with aortic rings from control WTϫWT matings.
Endotheliosis is a common renal lesion observed in patients with PE. Electron microscopy analysis of the kidneys from pregnant C1q Ϫ/Ϫ mice revealed significant glomerular damage when compared with control matings, including swelling of the glomerular endothelial cells, fibrin deposition, and occlusion of capillary lumens. These glomerular features are consistent with endotheliosis. The presence of glomerular damage is also reflected in the presence of proteinuria, frequently used in the clinic to confirm the diagnosis of PE. A time course increase of ACR, reaching maximum values at day 12 of gestation, was observed in pregnant C1q Ϫ/Ϫ mice. As we discussed before, NP C1q Ϫ/Ϫ mice on a C57BL/6 background do not develop renal disease. Therefore, the renal damage observed in pregnant C1q Ϫ/Ϫ mice is originated as a consequence of pregnancy.
In recent years, several studies demonstrated the beneficial effects of statins in preventing the onset of PE in different animal models. 10, 13 Here we found that pravastatin also prevented the onset of PE in C1q Ϫ/Ϫ mice. Treatment with pravastatin prevented the appearance of the key features of PE in pregnant C1q Ϫ/Ϫ mice. Hypertension, glomerular endothelial lesions and albuminuria were not observed in pregnant C1q
Ϫ/Ϫ mice treated with pravastatin. In addition, the contractile response to Ang II of aortic rings from pregnant C1q Ϫ/Ϫ mice treated with pravastatin was not different from rings isolated from control WTϫWT matings. In addition, pravastatin restored the endothelial function in aortic rings from C1q Ϫ/Ϫ ϫC1q Ϫ/Ϫ mice. These results are in agreement with studies suggesting that statins lower blood pressure in hypertensive patients 36 and studies in animals showing that statins improve vascular reactivity in PE. 11 Pravastatin restored placental VEGF levels and collagenolytic activity in TGCs, improving placentation and pregnancy outcomes. Moreover, pravastatin restored placental blood flow and prevented oxidative damage. This is in accordance with previous results showing that pravastatin increases VEGF release and placental growth factor, a VEGF-like angiogenic factor, from mouse trophoblasts. 10, 13 In addition, pravastatin also diminished sFlt-1 levels in pregnant C1q Ϫ/Ϫ mice. Thus, by restoring placental angiogenic balance, pravastatin improved placentation, prevented PE, and improved pregnancy outcomes in C1q Ϫ/Ϫ ϫC1q Ϫ/Ϫ mice.
Perspectives
In conclusion, we described a new mouse model of PE, where the lack of complement component C1q causes defective trophoblast invasion and impaired placentation leading to the onset of PE. Pregnant C1q Ϫ/Ϫ mice recapitulate the complex disorder of human PE characterized by hypertension, albuminuria, and endotheliosis, suggesting that C1q Ϫ/Ϫ mice will be a good animal model to understand the pathophysiology of PE and identify new therapies. Indeed, using this new mouse model of PE, we identified pravastatin as a candidate therapy to prevent PE and its related complications. We suggested different pathways through which pravastatin acts in this model. Pravastatin restored the angiogenic balance in the placenta, increased trophoblast migration, improved placental blood flow, and reduced the levels of oxidative stress. To confirm that statins are beneficial for the treatment of PE in women, clinical trials should be performed. 
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